Often only a single physical process or component is investigated in the simulation of radiation detector systems. The results are then considered to be representative of what is expected in the correlating physical experiment. Although singular assessments may serve as a good estimate, the overall performance of a radiation detector system depends on several physical processes and the performance of all components within the system. Our Geant4-based multiphysics simulation toolkit couples radiation transport with optical photon processes, providing simulations of radiation detector systems components from the scintillator through the photocathode of the photodetector. Work to incorporate the backend detector components, including the complete photodetector and subsequent electronics (e.g., amplifiers, digitizers), is underway.
INTRODUCTION
The Geant4 simulation toolkit has been widely used to model detector geometries and emulate radiation and optical photon transport through the detector for various applications. 1, 2, 3, 4 Typically, the end point of such simulations is at the front end of the photo-sensitive device (e.g., photomultiplier tube [PMT] photocathode). Endeavors to extend the simulation have been pursued where a measured PMT response is convolved with the output at the PMT photocathode from Geant4 simulations. 4 Stand-alone models of PMTs, high-voltage dividers, and digitizers using electrical circuit simulators such as SPICE, Simetrix, and Cadence have also been pursued. 5, 6 The modeling toolkit we propose takes advantage of the radiation and optical photon transport in Geant4 to model detector components up to and including the PMT photocathode. To model the remainder of the PMT and all other detector components leading to the digitizer, two approaches were explored: (1) using a SPICE electrical circuit simulation and (2) convolving the Geant4 photoelectrons versus time output with the measured impulse response of a PMT. The selected approach coupled with the Geant4 simulations established an end-to-end simulation of a complete detector system. The evaluated detector system consists of a scintillator, optional light guides, PMT, base board, high-voltage supply, cabling, and digitizer. The radiation source, scintillator, optional light guides, and PMT photocathode are modeled in Geant4. The remaining components are modeled in SPICE or captured in the PMT impulse response measurement.
The output from the modeling toolkit is a digitized voltage versus time waveform representative of the data that would be physically collected from a digitizer after the detector system has measured the incident radiation quanta from an experiment. Other valuable data have been extracted from this modeling toolkit: pulse height spectra; number of photoelectrons per MeV; detector efficiency versus incident quanta energy; and effects on detector response due to change in geometries, materials, and reflectivity. *guckesal@nv.doe.gov; phone 1 702 295-0199; nnss.gov
SIMULATION TOOLKIT APPROACH

Radiation and optical photon transport modeling
Geant4 7 library version 4.10.03 was used as the basis for the radiation and optical photon transport modeling. The user interface accepts simple text input (via G4Messenger class) to allow evaluation of the trade space of a wide choice of detector configurations.
The detector configurations evaluated in this study are discussed in detail in Section 3. Material properties including, but not limited to, scintillator composition, shape, size, density, refractive index, emission spectrum, fast and slow decay time constants, and surface reflectivity for each detector configuration were inputs to Geant4. The transport of radiation and optical photons through the detector geometry is dependent on these characteristics.
Histograms capturing the following data are generated for each Geant4 simulation per source gamma ray: (1) time distribution of photoelectrons produced at the photocathode in 2.5 ns bins, (2) number of photoelectrons/MeV deposited, (3) energy (MeV) deposited or pulse height spectrum, (4) gamma ray source energy (MeV), (5) scintillator light yield (optical photons/MeV), and (6) number of optical photons generated in the scintillator. The time distribution of photoelectrons produced at the photocathode from the Geant4 simulations was used as the input into the model of the PMT and other electrical components of the detector system. The end result more closely reflects the time response of the entire detector system as would be seen in an experiment.
Electrical processes and components modeling
SPICE was used as the initial approach to modeling the PMT and subsequent electronic components of a detector system. Using Verilog-A, a basic model of a generic PMT tube was created as a circuit component and placed into the SPICE simulator schematic. The model is then tailored to reflect the Adit D798B 5-inch-diameter PMT by supplying its characteristic parameters. The model calculates the overall nonlinear gain using a third order polynomial fit and then, based on that calculation, attempts to predict the gain as a function of voltages applied to each of the dynode stages. The output at the anode is then calculated from the summation of the currents generated on all of the dynodes. The simulation also models cable reflections, attenuation, and delay to the oscilloscope. The output from the Geant4 simulations were converted to a piecewise linear dataset that the SPICE simulator could accept as an input.
After running the SPICE simulator, several conclusions about the performance of this modeling approach were made. The dynode stage gain step is necessary to simulate the interaction with the base board, but is imperfect and introduces significant error to the simulated output gain. However, by removing the interaction with the base board, the PMT becomes a single input and output. Without the requirement of the circuit node voltage analysis, this approach is not justified.
An alternative approach to including the performance of the PMT and subsequent detector components in the end-to-end simulations was pursued by convolving the measured impulse response of the Adit D798B PMT with the photoelectrons versus time output from Geant4. The impulse response measurements was performed using a Picoquant PDL-800-B driver with an LDH-P-C-400 laser diode head that produces a laser light pulse with a full-width half-maximum (FWHM) of approximately 70 ps. The PMT was placed in a dark box with the laser. The PMT was biased to -2000 V with a Stanford Research Systems, Inc., PS350/5000V-25W high-voltage power supply. Measurements were collected using a Tektronix DPO 72004C digital phosphor oscilloscope. The laser and the oscilloscope were connected to a Stanford Research Systems, Inc., DG535 four-channel digital delay/pulse generator for timing purposes. The resultant impulse response from the Adit D798B PMT is plotted in Figure 1 .
This approach was determined to be more reliable for predicting the overall detector response for several reasons. The PMT impulse response measurement captures the physical response of the PMT to incident photons. It also includes the effects from the base board, cabling, and oscilloscope. Furthermore, the gain of this PMT at -2000 V (and other bias voltages) has been measured experimentally.
The photoelectron versus time waveforms from Geant4 for each of the evaluated detector configurations was convolved with the Adit D798B PMT impulse response to create the end-to-end simulations analyzed in the next section. 
Post-processing and analysis
MATLAB was used to import and analyze the output waveforms from the convolution of the Geant4 photoelectron versus time waveform and measured PMT impulse response.
The time response was evaluated by fitting each waveform with a Gaussian function and calculating the FWHM and fullwidth tenth-maximum (FWTM) using Equations 1 and 2, where is the standard deviation of the fitted Gaussian function. These two parameters capture the combined effects of the scintillator, PMT, and subsequent electronics on how quickly the detector system responds to incident radiation quanta.
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The number of photoelectrons/MeV deposited was evaluated by calculating the weighted average of the photoelectrons/ MeV-deposited histogram produced from the Geant4 simulations. The energy that is deposited in the scintillator by each interacting gamma ray and the resultant number of photoelectrons created are tracked in Geant4, thus determining the number of photoelectrons/MeV deposited in the scintillator.
The intrinsic efficiency of each detector configuration was determined for gamma ray energies from 60 Co (1.17 and 1.33 MeV, average of 1.25 MeV) using data from the Geant4 simulations and Equation
where ℎ is the total number of photons created in the scintillator from incident gamma rays, ℎ is the scintillator light yield in photons/MeV, is the weighted-average energy deposited in the scintillator by an incident gamma ray, and is the total number of gamma rays incident on the scintillator face. All Geant4 simulations were performed with 20,000 source gamma rays from a disc-shaped source that was slightly larger than the diameter of each scintillator.
EVALUATED DETECTOR CONFIGURATIONS
Ten detector configurations were modeled in Geant4 to explore how the detector response changed as a function of scintillator material, scintillator geometry, surface reflectivity, and presence or absence of a light guide. The evaluated configurations are presented in Table 1 and characteristics of each scintillator material are summarized in Table 2 . The detector geometries as modeled in Geant4 are shown in Figure 2 . The identified configurations were chosen to demonstrate the viability of this end-to-end simulation to aid in the selection of a detector with a fast time response (less than 5 ns FWHM) and optimal number of photoelectrons produced per MeV-deposited in the scintillator. A single PMT, the custom Adit D798B 5-inch-diameter PMT, was used as the photodetector in each of the ten detector configurations evaluated. The D798B PMT is an 8-stage PMT with a blue-green sensitive bialkali end-window photocathode. 13 The photocathode has a peak quantum efficiency of 28% at 380 nm wavelength. 13 For this study, both the PMT simulation and impulse response uses a bias of -2000 V, which results in a gain of 1.803 × 10 5 .
The photocathode of the PMT was modeled in Geant4 as being coupled directly to the scintillator, or light guide if present. The quantum efficiency versus incident photon wavelength that is characteristic of the D798B PMT photocathode was included in the Geant4 model.
RESULTS
Each of the ten detector configurations identified in Table 1 were modeled in Geant4; results were convolved with the measured Adit D798B PMT impulse response to produce a waveform resembling what would be observed experimentally on a digitizer or oscilloscope. The tabulated results in Table 3 are discussed herein. 
Configurations with absorptive surfaces
The convolved responses from all detector configurations with 100% absorptive scintillator surfaces (i.e., configurations 1, 3, 5, 7, and 9 from Table 1 ) are presented in Figures 3 and 4 .
We observe from Figure 3 that the BaF2 5-inch-diameter cylindrical detector configuration (9) has the best time response, the fastest rise and decay times, 11, 12 and the smallest FWHM (2.32 ns) and FWTM (6.84 ns). The FWHM of configurations 1, 3, 5, and 7 are between 3 and 5 ns. The FWTM of the same configurations are between 9 and 11 ns.
The feature of the BaF2 detector response following the main peak at approximately 5 ns is from the PMT. It is more prominent in the BaF2 detector response since the scintillator time response is faster than that of the PMT. This same feature appears in the other four detector responses; however, it appears at approximately 15 ns and is less apparent.
The EJ-232 5-inch-diameter cylindrical detector configuration (7) exhibits the highest intensity, or number of photons created per incident gamma ray. As expected, it also produces the most photoelectrons/MeV deposited in the scintillator.
In order, the intensity of configuration 7 is followed in performance by configurations 5, 3, 1, and 9. 
Configurations with reflective surfaces
The convolved responses from the remaining detector configurations, which all have 100% Lambertian reflective scintillator surfaces (2, 4, 6, 8, and 10 from Table 1 ), are presented in Figures 5 and 6 .
It is observed from Figure 5 that, once again, the BaF2 5-inch-diameter cylindrical detector configuration (10) has the best time response with a FWHM of 3.03 ns and a FWTM of 8.15 ns. The FWHM of configurations 2, 4, 6, and 8 are between 4 and 7 ns. The FWTM of the same configurations are between 12 and 14 ns. Compared to the results for the configurations with 100% absorptive scintillator surfaces, it is apparent that the detector configurations with 100% Lambertian reflective scintillator surfaces have slower time responses. This is expected because the optical photons are reflected prior to reaching the photocathode of the PMT for detector configurations 2, 4, 6, 8, and 10, whereas for detector configurations 1, 3, 5, 7, and 9, the optical photons are either absorbed at a surface of the scintillator and never reach the photocathode of the PMT or are transported directly to the photocathode. The feature of the BaF2 detector response following the main peak is no longer apparent in the configuration with 100% Lambertian reflective scintillator surfaces.
The EJ-232 5-inch-diameter cylindrical detector configuration (8) exhibits the highest intensity or number of photons created per incident gamma ray and, thus, also produces the most photoelectrons/MeV deposited in the scintillator. The intensity of configuration 8 is followed in performance by configurations 6, 4, 2, and 10. However, the intensity for all the configurations with 100% Lambertian reflective scintillator surfaces is higher than the respective configuration with 100% absorptive scintillator surfaces. Similar to the effect on the time response, reflection of the optical photons in the 100% Lambertian reflective configurations enables essentially all optical photons created in the scintillator to be transported to the PMT photocathode. In contrast, the configurations with 100% absorptive scintillator surfaces absorb the optical photons that are not transported directly to the PMT photocathode.
Overall observations
Some other observations are made by comparing all ten detector configurations. It is well understood that detectors with larger scintillators are more efficient than those with smaller scintillators provided that the attenuation length of the scintillator does not inhibit the transport of optical photons to the PMT. In this study, the detectors with larger scintillators are actually less efficient than those with the smaller ones having the same scintillator material, specifically Liquid-VI. Configurations 1 and 2 with the 15-inch-square Liquid-VI scintillator have intrinsic efficiencies of 0.17% and 0.39%, respectively. Configurations 3 and 4 with the 10-inch-diameter cylindrical Liquid-VI scintillator have intrinsic efficiencies of 0.44% and 0.61%, respectively. Configurations 5 and 6 with the 5-inch-diameter cylindrical Liquid-VI scintillator have intrinsic efficiencies of 1.41% and 5.86%, respectively. The poorer performance of the configurations with larger scintillators can be attributed mostly to the light guides present. We find that these light guides do not efficiently transport optical photons from the scintillator to the PMT photocathode. Improved light guide designs are being pursued that would lead to higher gamma ray detection efficiencies and maintain the desired fast time response.
Although the gamma ray detection efficiencies of the Liquid-VI 5-inch-diameter cylindrical detector configuration is higher than the larger detector configurations, it can be improved by extending the length of the scintillator, thereby allowing more gamma rays to interact within the scintillator. 
CONCLUSIONS AND FUTURE WORK
Though work is still ongoing to improve this end-to-end simulation, we have completed our first trade-space study, the results of which are discussed in detail in Section 4. Based on our evaluation of ten viable detector configurations, we have determined which configurations exhibit the best performance in terms of photoelectron statistics, fast prompt time response, and low influence of the tails in the time response.
Detector configuration 9, with the BaF2 5-inch-diameter scintillator with 100% absorptive surfaces, has the fastest time response and the smallest tail. Detector configuration 8, the EJ-232 5-inch-diameter scintillator with 100% Lambertian reflective surfaces, yields the highest number of photoelectrons/MeV deposited. Detector configuration 6, the Liquid-VI 5-inch-diameter cylindrical scintillator, has the best gamma ray detection efficiency.
A fast time response comes at a cost to a lower number of photoelectrons/MeV. Those configurations with 100% absorptive scintillator surfaces were faster, but those with 100% Lambertian reflective scintillator surfaces yielded a higher number of photoelectrons/MeV deposited in the scintillator. The detector configurations that best balance the two competing characteristics of fast time response and high number of photoelectrons/MeV are configurations 5 and 7, which both exhibit FWHMs of approximately 4 ns and FWTMs of 10 ns while producing greater than or equal to 70 photoelectrons/MeV deposited.
Efforts to benchmark the discussed simulations are underway. The benchmark experiments are being carried out using the ten detector configurations with small Co 60 and Cs 137 gamma ray sources. The individual pulses collected in counting mode allow for a direct comparison to the corresponding simulation of the time response and pulse height (i.e., photoelectrons). A second set of measurements with corresponding simulations utilizing the same ten detector configurations but with a different gamma ray source is also being pursued. The source in this case is a ~1 ns pulse of bremsstrahlung gamma rays produced from the acceleration of electrons using a linear accelerator into a tungsten target. By benchmarking the end-to-end simulations with experiments, confidence in the simulation toolkit can be established.
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